the five THEMIS spacecraft observed the cause and consequence of extreme motion of the dawn flank magnetopause, displacing the magnetopause outward by at least 4.8 R E in 59 s, with flow speeds in the direction normal to the model magnetopause reaching 800 km/s. While the THEMIS A, C, D, and E observations allowed the determination of the velocity, size, and shape of a large bulge moving tailward along the magnetopause at a speed of 355 km/s, THEMIS B observed the signatures of a hot flow anomaly (HFA) upstream of the bow shock at the same time, indicating that the pressure perturbation generated by the HFA may be the source of the fast compression and expansion of the magnetosphere. The transient deformation of the magnetopause generated field-aligned currents and created traveling convection vortices which were detected by ground magnetometers. This event demonstrates that kinetic (non-MHD) effects at the bow shock can have global consequences on the magnetosphere. 
Introduction
[2] It is well known that the magnetopause moves and changes in response to varying solar wind conditions. Several studies have been conducted to determine the typical thickness and speed of the magnetopause for different solar wind conditions [e.g., Berchem and Russell, 1982; Le and Russell, 1994; Paschmann et al., 1993] . Phan and Paschmann [1996] found average velocities of the magnetopause in the direction normal to the magnetopause to be 40 km/s or less, with a maximum recorded value of 162 km/s. Winterhalter et al. [1981] also observed a magnetopause speed of 195 km/s, and Sibeck [1995] reported a speed of 300 km/s. The most obvious cause of this kind of motion is pressure variation in the solar wind, but it can also result from nonlinear interaction in the boundary layers upstream of the Earth's magnetosphere.
[3] In particular, a discontinuity in the solar wind magnetic field hitting the bow shock will for certain field configurations cause a violent reaction, known as a hot flow anomaly (HFA) , that creates strong density variations, plasma heating and flow deflections. As the disturbance propagates downstream, it will cause magnetopause motion. More information about HFAs is presented in section 2.
[4] Transient magnetopause deformations can cause ground signatures as they move tailward, as described by Glassmeier [1992] and Kataoka et al. [2002] . Deformations of the magnetopause cause field-aligned currents that in turn create Traveling Convection Vortices (TCV), which are detected as Magnetic Impulse Events (MIE) by magnetometers on the ground.
[5] The observations presented in this paper show magnetopause motion of large amplitude and a much greater speed than previously seen. Through multispacecraft observations we are able to infer the shape of the deformed magnetopause. Observations of the pristine solar wind by ACE and the solar wind just upstream of the dawn bow shock by THEMIS B reveal the cause for the drastic magnetopause motion, and ground observations provide complementary information on the deformation of the magnetopause.
Hot Flow Anomalies
[6] HFAs were first discovered in the mid-1980s, in association with the passage of interplanetary current sheets [Schwartz et al., 1985; Thomsen et al., 1986] A number of simulations were performed, exploring different theoretical explanations for the phenomenon. Burgess and Schwartz [1988] found that a magnetic field reversal convecting into a shock led to overreflection followed by upstream penetration of ions from the shock. The reflected ions are thermal-ized through ion beam instabilities. Burgess [1989] investigated the role of the convection electric field (ÀV Â B) and found that a convection electric field pointing toward the discontinuity is necessary to focus the reflected ions into the discontinuity. Thomsen et al. [1993] provided an observational test of the importance of the convection electric field, which confirmed the results of the simulations by Burgess.
[7] Schwartz [1995] reviewed the current knowledge of HFAs and summarized the observational characteristics, of which the main points were as follows:
[8] 1. The events are flanked by regions of enhanced magnetic field strength, plasma density, and a slight increase in temperature. Sometimes only one edge shows these characteristics.
[9] 2. The central regions of HFAs contain hot (10 6 -10 7 K) plasma that is flowing significantly slower than the ambient solar wind and is highly deflected from the Sun-Earth line. The magnetic field drops, and the density is at or below solar wind values.
[10] 3. HFAs are found associated with gross changes in the IMF direction.
[11] 4. HFAs convect with the solar wind flow.
[12] Interest in HFAs was renewed in the late 1990s, as observations were made of a large magnetopause deformation associated with a HFA [Sibeck et al., 1998 [Sibeck et al., , 1999 . They found an outward movement of 5 Earth radii (R E ) in 7 min resulting from a HFA. Schwartz et al. [2000] performed a study of 30 HFAs, and amongst other results, calculated an occurrence rate of 3 per day. These results indicate that HFAs are more common and have a far greater influence on the magnetosphere than previously thought. Sibeck et al. [2000] further investigated HFAs, and a short summary of their conceptual HFA model can be seen in Figure 1 of that paper.
[13] The most recent theoretical work on HFAs is a hybrid simulation by Lin [2002] , in which she studied the formation and structure of strong HFAs at the bow shock and in the magnetosheath, and their effects on the magnetopause. A statistical study of HFAs using data from the Cluster mission confirmed some of the predictions from that simulation, and presented evidence that fast solar wind is an essential condition for HFA formation [Facsko et al., 2008] .
[14] Eastwood et al.
[2008] observed a HFA both up and downstream of the bow shock simultaneously. They noted that the resulting pressure perturbation would cause a significant shift in the magnetopause location but no direct observations of the magnetopause were available in that event.
[15] To summarize, a HFA is generated when a discontinuity in the solar wind magnetic field hits the bow shock under certain conditions. The most important condition is that the convection electric field points toward the discontinuity on at least one side. Ions reflected from the bow shock are focused into the discontinuity, where they thermalize through ion beam instabilities. This causes plasma pressure to rise, which in turn leads to an expansion of the heated plasma into the ambient plasmas both upstream and downstream of the bow shock. This expansion leads to a drop in density and magnetic field strength, and may compress plasma and magnetic field on one or both sides of the expanded area. It also causes a change in the local plasma flow, which may even become sunward in some cases. This structure is what is detected as a HFA. A strong HFA will propagate through the magnetosheath and hit the magnetopause, at which point the variations in ram pressure will cause the magnetosphere to compress or expand as the regions of enhanced and depleted density arrive.
Orbits and Instrumentation
[16] On 30 October 2007 THEMIS [Angelopoulos, 2008] was in the orbit placement stage of its mission, and the spacecraft were approximately aligned along the GSM Y axis with smaller differences in X and Z. As shown in Figure 1 , THEMIS A, D and E were just inside the magnetosphere, C was in the magnetosheath, and B was in the solar wind. All spacecraft were moving at less than 2 km/s, which is negligible for the phenomenon described in this paper. Data from the fluxgate magnetometer (FGM) [Auster et al., 2008] and the electrostatic plasma analyzer (ESA) [McFadden et al., 2008] are used. For the solar wind observations, the THEMIS B ESA was in the 32 energy sweeps/spin mode, which does not fully resolve the narrow solar wind beam. Thus the absolute values of the solar wind ion moments and their variations should be considered qualitative.
Observations

Magnetopause Observations
[17] Figure 2 shows data from the magnetic field experiment (FGM) and the thermal plasma instrument (ESA) for THEMIS A, C, D and E. At 1404:55 UT, THEMIS D entered the magnetosheath. It remained in the magnetosheath until 1406:20 UT, and immediately after exiting it, a velocity of 800 km/s normal to the model magnetopause [Fairfield, 1971] was observed. This is much larger than previously reported values for magnetopause motion.
[18] To place this observation in context, the order of the spacecraft shown in Figure 2 is sorted by the spacecraft distance from the model magnetopause. THEMIS C was in the magnetosheath, the rest were inside the magnetopause. A was the closest spacecraft to the model magnetopause, followed by D, then E. Spacecraft A, D and E all had brief encounters with the magnetosheath, but not in the order of proximity to the magnetopause, which means that this was not a one-dimensional large-scale compression of the magnetosphere. Instead, entry into the magnetosheath was ordered by position in X GSE . Spacecraft D entered first, followed in succession by E and A, located further down the flank. This suggests that there was an inward deformation of the magnetopause which progressed tailward. Assuming that this is true, and that the large-scale shape of the inward bulge did not change much as it passed by A, D and E, we can estimate its velocity along the magnetopause. We use the middle of the magnetosheath encounters for these calculations, as the bulge width decreases with increasing distance from the magnetopause, but the center should remain approximately the same. Dividing the distance tailward along the model magnetopause from one magnetosheath encounter to another by the time difference, we obtain the values shown in Table 1 . The speed of the bulge is remarkably similar for the 3 spacecraft pairs, with an average of 355 km/s. Multiplying the velocity by the magnetosheath encounter durations, we obtain a measure of the width of the bulge along the model magnetopause at different distances to the model magnetopause. The width of the bulge is 6.1 R E for A, 4.7 R E for D, and 2.8 R E for E.
[19] At 1407:30 UT THEMIS A entered the magnetosphere and at 1408:35 UT the magnetic field observations of THEMIS C indicate that it also entered the magnetosphere. The spacecraft were separated by 4.77 R E in the normal direction but only 0.32 R E tailward along the model magnetopause. This separation makes them well suited to get an estimate for the amplitude and speed of the magnetopause in the direction normal to the model magnetopause. Using the estimated velocity of the bulge tailward, we subtract 6 s from the time interval to account for the distance along the model magnetopause. The magnetopause moved outward at least 4.77 R E in less than 59 s, which gives an average velocity normal to the model magnetopause of at least 515 km/s for this time interval. This agrees with the plasma measurements, which detected velocities normal to the model magnetopause of approximately 300, 800 and 600 km/s for THEMIS A, D and E (Figures 2c, 2f , and 2i).
[20] Performing the minimum variance analysis (MVA) [Sonnerup and Cahill, 1967] on the magnetic field data of each spacecraft for each crossing into and out of the magnetosheath, we find the normals of the actual magnetopause. For THEMIS A, D and E, the normals for the first crossings are all well defined, with intermediate-tominimum eigenvalue ratios greater than 10. The rest of the normals are reasonably well defined, with eigenvalue ratios of at least 4. The magnetic field sampling frequency was 1 3 Hz for THEMIS C, and 4 Hz for the other spacecraft. The results of MVA may vary with the length of the time interval chosen for analysis. If the results vary greatly for different time intervals, they are unreliable. Because of this, intervals with lengths ranging from 10 to 120 s were examined. The time intervals used for the final values range from 20 to 35 s for the different spacecraft. The normal for the second crossing of THEMIS A changes significantly when using different time intervals for the MVA analysis, which indicates that it cannot be trusted.
[21] Using these normals and the estimated values above, we reconstruct the shape of the bulge on the magnetopause. The result is seen in Figure 1 . On the left the MVA normals for the first crossings are shown together with drawings of the bulge, and the normals for the second crossings are shown on the right. THEMIS A, D and E first crossed the magnetopause going from the magnetosphere to the mag- The velocity and magnetic field for THEMIS A, D, and E are plotted in the LMN coordinate system, using the average magnetopause normal of Fairfield [1971] , where M is eastward along the model magnetopause, N is normal to the model magnetopause, and L completes the right-handed, orthogonal system. The unit of the spectrograms is eV s À1 cm À2 sr À1 eV
À1
. The spacecraft are sorted by distance from the model magnetopause, with THEMIS C being in the magnetosheath and the rest being in the magnetosphere. Of the spacecraft in the magnetosphere, THEMIS A is the closest to the model magnetopause. THEMIS A, D, and E have brief encounters with the magnetosheath and THEMIS C encounters the magnetosphere, indicating large-scale magnetopause motion. Magnetopause crossings are indicated by vertical lines. netosheath, and then again as they left the magnetosheath and entered the magnetosphere. For THEMIS C, starting in the magnetosheath, the first crossing was from the magnetosheath to the magnetosphere and the second was from the magnetosphere to the magnetosheath. The shape is drawn to best fit the normals and estimated values. It has been rotated and translated to line up with the different spacecraft while its front end is still attached to the magnetopause. The shape of the magnetopause deformation after the entry of THE-MIS C into the magnetosphere is less certain, and has not been drawn. THEMIS C spent 160 s in the magnetosphere, longer than any of the other spacecraft spent in the magnetosheath, which indicates that the outward bulge is larger than the inward bulge.
[22] Just before 1406 UT, THEMIS C had a short encounter with a magnetic field resembling that of the magnetosphere. The timing of the encounter in relation to the timing of magnetopause crossings by the other spacecraft, and the normal vectors resulting from MVA performed on the magnetic field data, was analyzed. For this to be an actual magnetosphere encounter would require a very unusual magnetopause structure and a magnetopause motion at a speed of several thousand km/s. The observed location and timing of the crossings, and the corresponding crossing normals, are better explained by a crossing of the earthward side of a detached flux rope moving antisunward. Unfortunately, there are no particle data from THEMIS C at this time, and the magnetic field data are limited to spin resolution. This makes it difficult to have a positive identification either way.
Ground Observations
[23] A large, transient magnetopause deformation should have ground signatures. Specifically, one should expect two or more convection vortices to travel from the dayside to the nightside [Sibeck et al., 2003; Kataoka et al., 2004] . A compression followed by an expansion of the magnetosphere is expected to produce a clockwise vortex followed by a counterclockwise vortex.
[24] Figure 3 shows two subsequent SuperDARN [Greenwald et al., 1995; Chisham et al., 2007] convection maps taken at 1406 UT and 1408 UT. In the first we see a counterclockwise vortex, and in the second a clockwise vortex. Although there is some lack of backscatter to constrain the map-potential algorithm, especially on the equatorward edge of the flow vortex at 1406 UT, the observation of these flow vortices in conjunction with the HFA observed by THEMIS B is remarkable. The SuperDARN data do not in actuality show the speed and direction in which the vortices were traveling, as each vortex was detected in only one convection map.
[25] In data from the THEMIS magnetometer array Mende et al., 2008; Glassmeier et al., 2008] , shown in Figure 4 , a magnetic impulse event (MIE) is seen by several magnetometers. The main characteristic of the MIE is a positive peak in the X component, the dawn flank. We also note that the peak-to-peak amplitude of the MIE tends to be larger at higher latitudes, which is consistent with the convection vortex traveling at a higher latitude than these magnetometers.
[26] At 1408 UT the magnetometer station at Cape Dorset, which is part of the MACCS array [Hughes and Engebretson, 1997] , was located at 0913 MLT and 73.5 Magnetic latitude, which is very close to the path we expect the vortices to travel. Figure 5 shows data from this station. Between 1406 and 1415 UT, a large magnetic field perturbation is seen, with peak-to-peak amplitudes of 200 nT for By and more than 500 nT for Bx and Bz. Figure 5 (bottom) shows the Magnetic Equivalent Convection (MEC). MEC can be used as an approximation to the plasma convection when the magnetic disturbance is caused mainly by ionospheric Hall currents. Assuming this to be the case for the interval 1406 to 1415, we see signatures consistent with a counterclockwise vortex followed by a clockwise vortex passing westward, with the vortex centers at a latitude south of the station.
[27] Although convection vortices were observed around the same time as the magnetopause deformations, and moving in the expected way, they were not ordered as expected. Either the compression did not cause a vortex, the ground instrumentation missed a vortex, or our understanding is incomplete. In any case, this shows that the HFA ultimately led to disturbances in the ionosphere.
ACE and THEMIS B Observations in the Solar Wind
[28] To investigate the cause for the large amplitude perturbation on the magnetopause we examine the upstream solar wind measurements. During this event, the Advanced Composition Explorer (ACE) was at L1 in the pristine solar wind while THEMIS B was in the solar wind just upstream of the dawn bow shock (Figure 1 ). There were no changes in the solar wind plasma parameters (Figures 6f -6l ) measured by ACE that could account for rapid motion of the magnetopause.
[29] Figure 6 shows data from ACE and THEMIS B. Comparing the magnetic field of ACE, located far upstream, to the magnetic field of THEMIS B, located just upstream of the dawn bow shock, we find the drop in B Z , which is much sharper now, at 1404:40 UT. Following this drop, a small population of high-energy ions is detected. These are ions reflected from the bow shock, to which THEMIS B is now magnetically connected.
[30] At 1406:40 UT, THEMIS B detected something which was not present in the ACE data; an interval of disturbed magnetic field with enhanced ion energy flux between 2 -10 keV. There was a flow deflection of many tens of km/s, a drop in the density and a temperature increase, resulting in a drop of the dynamic pressure. These are characteristics of a hot flow anomaly (HFA) [Schwartz et al., 1985; Thomsen et al., 1986] .
[31] At this time there was also a change in the magnetic field orientation. The reason that this change caused a HFA, while the much larger change in Bz at 1404:40 UT did not, is the criterion for a HFA that the motional electric field must point toward the discontinuity on at least one side [Thomsen et al., 1993] . Using MVA, the normal to the first discontinuity plane is (0.91,0.39,0.18) GSM , with an eigenvalue ratio of 7.5. We calculate the convection E field from E = Àv Â B, and find that the first discontinuity has an electric field pointing away from it on the antisunward side and a very small normal field on the sunward side. The normal to the second discontinuity plane is (0.75, 0.65, À0.10) GSM , with an eigenvalue ratio of 3.8. The second discontinuity has a very small normal field on the antisunward side and a field pointing toward it on the sunward side. Thus, only the second discontinuity has an appropriate geometry for HFA formation. The plane of the solar wind discontinuity is shown in Figure 1 .
[32] The velocities observed just inside the magnetopause (Figures 2c, 2f , and 2i) are mainly in the N and M directions. This implies that there is no motion of the bulge in the L direction, which points north/south. We interpret this to mean that the bulge is in fact ridge-like, extending north and south. This is consistent with the normal of the discontinuity plane, and the negative M during the outward motion is also consistent with the refilling flow observed in simulation by Kataoka et al. [2004] .
Summary and Conclusions
[33] On 30 October 2007, the five THEMIS spacecraft observed the cause and consequence of extreme motion of the dawn flank magnetopause, with flow speeds in the direction normal to the model magnetopause reaching 800 km/s. Direct observations showed that the magnetopause was displaced outward by at least 4.8 R E in 59 s. The multispacecraft observations also revealed a bulge on the magnetopause moving tailward at 355 km/s. There was nothing in the solar wind plasma data from ACE that could have caused the magnetopause motion. However, the THEMIS B spacecraft observed the signatures of a hot flow anomaly in the solar wind just upstream of the dawn bow shock, which is likely to be the cause of the fast magnetopause motion.
[34] The following is a summary of our interpretation of the data. On 30 October 2007 a discontinuity in the solar wind magnetic field hit the bow shock. The motional electric field pointed toward the discontinuity on one side, fulfilling an important criterion for HFA generation. The discontinuity swept tailward over the bow shock, with an orientation suited for producing a HFA at the dawn side of the magnetosphere, and THEMIS B did observe signs of a HFA. In the magnetosheath, the HFA created a region of low dynamic pressure surrounded by regions of higher dynamic pressure. As these regions reached the magnetopause, it moved in response to the dynamic pressure variations. As the intersection of the discontinuity with the bow shock moved tailward, so did the HFA structure. The resulting motion of the magnetopause is tailward moving bulges, first inward, then outward. The inward bulge passed over THEMIS A, D and E, allowing us to do a rough reconstruction of its shape. Then, the outward bulge passed THEMIS C, providing direct evidence of rapid, large-amplitude magnetopause motion. The transient deformations of the magnetopause cause field-aligned currents, creating traveling convection vortices which are detected by ground magnetometers.
[35] The multiple spacecraft of the THEMIS mission are clearly a great advantage in the study of events such as these, providing simultaneous measurements from different regions and allowing us to deduce the motion and size of the structures encountered. Our results show that a HFA can have a significant effect on the magnetopause, even when the upstream pristine solar wind was rather unremarkable. This implies that kinetic (non-MHD) effects at the bow shock can have global consequences on the magnetosphere.
[36] We have examined THEMIS data in the period from the start of the mission to June 2008. Though the present event has the highest recorded velocity, there are other events in the THEMIS data set with normal velocities of 400 -600 km/s. Further investigation into each event is required to determine if they are also caused by HFAs, and to understand more precisely how the disruption caused by the HFA at the shock is transmitted through the magnetosheath to the magnetosphere.
